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Silicon photonic integration in
telecommunications
Christopher R. Doerr *
Acacia Communications, Hazlet, NJ, USA
Silicon photonics is the guiding of light in a planar arrangement of silicon-based materials
to perform various functions. We focus here on the use of silicon photonics to create
transmitters and receivers for fiber-optic telecommunications. As the need to squeeze
more transmission into a given bandwidth, a given footprint, at a given cost increases,
silicon photonics makes more and more economic sense.
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1. Introduction
Until circa 2002, fiber-optic communication for metropolitan distances (80—600 km) and long-
haul distances (600–15,000 km) employedmostly simple on-off keying (OOK) transmission. On-off
keying is simply turning on and off the light to transmit “1” s and “0” s. Higher performance, i.e., a
lower bit-error rate (BER) for the same received optical power and/or for the same optical signal-to-
noise ratio (OSNR), can be obtained by using phase-modulated formats, such as binary phase-shift
keying (BPSK) or quadrature phase-shift keying (QPSK). They maximize the distance between
constellation points for the same average signal power. In these “advanced” modulation formats
[1], the term “symbol” is used to represent each data portion in time, because each symbol can
carry multiple bits of information. Early BSPK and QPSK were detected by differential detection,
i.e., by interfering one symbol with the previous symbol in an interferometer in the receiver.
However, bandwidth needs have been constantly growing exponentially. It is expensive to install
new optical fibers, ∼ $30 k per mile [2], so carriers and data-center operators needed to send
more bits per second in the same fiber in the same optical bandwidth. One key way is to use both
optical polarizations, because this doubles the available bandwidth. Although signal orthogonality
is maintained, their polarizations are essentially randomly changed during propagation through
fiber. To unscramble them requires significant signal processing. Optical coherent detection allows
this to be done by digital electronics.
Optical coherent detection was a hot topic in the 1980s, because it is a form of optical
amplification. However, the invention of the erbium-doped fiber amplifier (EDFA) eliminated
that advantage and coherent interest died away. Another advantage of coherent detection is the
ability to receive the full optical field, both the real and imaginary parts of both polarizations. With
improvements in complementary metal-oxide-semiconductor (CMOS) electronics, digital signal
processing (DSP) became available circa 2002 to handle coherent detection even up to 100-Gb/s,
causing a revival of coherent detection. In the past, coherent detection was simply single quadrature
and single polarization. Now it is dual quadrature and dual polarization.
100-Gb/s coherent systems have proven to be extremely compelling. They allow an upgrade of
a 10-Gb/s channel to a 100-Gb/s channel with actually improved reach. Industry analyses show
the number of metro and long-haul 100-Gb/s coherent transceivers sold per year to be on a steep
upwards ramp as 10-Gb/s OOK transceivers are replaced by 100-Gb/s coherent transceivers.
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FIGURE 1 | 100-Gb/s coherent transceiver form-factor evolution. It went from a full line card, to a multi-source agreement (MSA) module, to a 100-Gb/s
form-factor pluggable (CFP) module. The D in D-CFP means that it is a digital module and the DSP is included inside, as opposed to a module that contains only the
optics.
However, the price of 100-Gb/s coherent transceivers is
expected to drop significantly. This is because users want to
pay the same price per connection even though the bit rate
keeps increasing. However, not only must the price drop, but the
footprint and power consumption as well. As seen in Figure 1,
100-Gb/s modules have gone from full line cards to 5 × 7
in2 screwed-on modules to 3.2 × 5.7 in2 pluggable modules
today. Today’s 100-Gb/s pluggable form factor is called a CFP.
Tomorrow’s will be a CFP2, which is half the size, and eventually a
CFP4, which is a quarter the size. Power consumptions have gone
from more than 100 W on a line card, to 70 W for the screwed-
on module, to 28 W for the CFP. The next step, the CFP2, allows
only 12W.
There are two main components in a coherent transceiver—
the DSP chip and the optics. Today’s coherent CFP contains both.
There is a, possibly temporary, trend to take the DSP out of the
module and put it on the line card. Such modules are called
“analog” modules, rather than digital. With today’s technology, it
is not possible to have both the optics andDSP be under 12W, the
maximum power in a CFP2. However, in 1–2 years, technology
will likely be ready for a “digital” CFP2.
To meet these requirements of lower price, lower power and
smaller footprint, one must make advancements in technology.
For the DSP, one can take advantage of the steady reduction in
transistor size in industry, which reduces power and footprint.
Node size and introduction year are shown inTable 1 [3]. Today’s
coherent DSPs use 20–28 nm. Tomorrow’s will use 14 nm.
For the optics, one must use photonic integration, the focus of
this article. Most of today’s coherent transceivers are built using
separate LiNbO3/planar lightwave circuit (PLC) modulators and
InP/PLC receivers, as shown in Figure 2. More andmore, smaller
InP modulators and InP receivers are being used. In today’s
coherent CFP, there is a single silicon photonic (SiPh) integrated
circuit (PIC) containing both the transmitter and receiver [4].
Not shown is a separate tunable laser.
Finally, a dominant cost for the DSP and optics is the
packaging; one can further reduce cost, power, and footprint by
co-packaging the DSP and optics. Such transceivers are expected
in 2–3 years.
Figure 3 shows many of the elements that may be integrated
in a PIC. The blue are passive, the red are active (have an intended
dynamic interaction between light and matter), and the green
are electronic components. PICs have been around more than 20
TABLE 1 | Node size and first year of commercial introduction for CMOS
electronics.
Node size Year
10 µm 1971
6 µm 1974
3 µm 1977
1.5 µm 1982
1 µm 1985
800 nm 1989
600 nm 1994
350 nm 1995
250 nm 1997
180 nm 1999
130 nm 2001
90 nm 2004
65 nm 2006
45 nm 2008
32 nm 2010
22 nm 2012
14 nm 2014
10 nm 2016
7 nm 2018
5 nm 2020
years. The main advantages of photonic integration are a small
footprint, due to strongly confining waveguides and lens-free
connections between parts; low power, due to an obviation of
50- RF lines; higher bandwidth RF connections; and low price,
due to fewer touch points, no mechanical adjustments, less test
equipment, and less material. The main disadvantages of PICs
are typically a higher insertion loss and the inability to optimize
components independently.
2. PIC Material Systems
Figure 4 shows the most popular PIC material systems. From left
to right there are silica-on-silicon PICs, also called PLCs; silicon-
on-insulator PICs, also called silicon photonics; lithium niobite
(LiNbO3); and III–V PICs, such as InP and GaAs. This article
focuses on silicon photonics. In silicon photonics, the light is
mostly guided in silicon, which has an indirect bandgap of 1.12
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FIGURE 2 | 100-Gb/s coherent optics evolution, going from LiNbO3
modulators and planar lightwave circuit (PLC)-based receivers to
InP-based modulators and receivers to silicon photonic modulators
and receivers.
eV (1.1 µm). The silicon is a pure crystal grown in a boule and
then sliced into wafers, today typically 300mm in diameter, as
shown in Figure 5. The surfaces are oxidized to form SiO2 layers.
One wafer is bombarded with hydrogen atoms to a specified
depth. Then the two wafers are placed together in a vacuum,
and the oxide layers bond to each other. The assembly is cracked
at the hydrogen implantation line. Then the silicon layer where
the crack was is polished, and one is left with a thin layer of
crystalline silicon on a layer of oxide on a full silicon “handle”
wafer. The waveguides are formed from this thin crystalline layer.
While these silicon-on-insulator (SOI) wafers are what makes
low-loss silicon photonic waveguides possible, they are actually
used mostly for low-power CMOS circuits, because of the low
leakage currents they offer.
There is a wide family of possible silicon-based optical
waveguides, shown in Figure 6. They range from micro-scale
Ge-doped SiO2 waveguides to nano-scale Si wire waveguides. By
adding Ge, one can make photodetectors and electro-absorption
modulators. Potentially even optical amplifiers. By doping the
silicon one can make optical modulators. From left to right at the
bottom are silicon wire waveguides, silicon nitride waveguides,
FIGURE 3 | Some of the possible PIC integration elements.
FIGURE 4 | Popular PIC material systems. The second from the left is a silicon wire waveguide and is the focus of this article.
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silicon oxynitride waveguides, thick silicon rib waveguides, thin
silicon nitride waveguides, and doped silica waveguides. From left
to right at the top are a depletion modulator, a Ge photodetector,
and a Ge optical amplifier.
3. Si Photonic Passive Elements
There are several key silicon photonic passive elements. One
is the surface-emitting grating coupler, as shown in Figure 7A
[5, 6]. It consists of a strong grating in the waveguide with a pitch
approximately equal to the wavelength in the waveguide. This
causes light to emit or be received vertical to the surface, which is
well-suited for wafer level measurements and/or coupling to an
optical fiber. The grating coupler is somewhat unique to silicon
photonics because it requires a high vertical index contrast. For
example, if one tried to do a grating coupler in traditional InP
waveguides, the light would simply leak away into the substrate
rather than be emitted vertically, because the average index of the
grating waveguide would be below that of the substrate. To make
it work in InP, one must undercut the material under the grating,
suspending it, as shown in Figure 7B [7].
FIGURE 5 | How a silicon-on-insulator (SOI) wafer is made. Each wafer
is made from two silicon wafers. The wafers are oxidized, bonded, and one is
cut and polished to a thin layer.
Another key element is a spot-size converter, which converts
the ∼ 0.5 × 1 µm2 mode of a Si wire waveguide to the ∼ 10 ×
10 µm2 mode of an optical fiber. A typical method is to use
an inverse taper, in which the waveguide is narrowed down to
a small tip, causing the optical mode to expand very large [8].
The mode can be captured by a suspended glass waveguide, such
as in Figure 8 [9]. Coupling losses less than 1.5 dB are readily
achievable with such spot-size converters.
Another key passive element is a polarization splitter. Some
polarization splitter examples are shown in Figure 9. The first
is a Mach-Zender interferometer with a different birefringence
in each arm [10]. The second is a simple directional coupler
[11]. The shape birefringence is so high in typical silicon wire
waveguides, that the transverse-magnetic (TM) polarization can
couple fully while the transverse-electric (TE) polarization has
barely begun to couple. The third is a grating coupler in which the
fiber is placed at an angle such that TE couples in one direction
FIGURE 7 | Surface-emitting 1-D grating couplers in silicon (A) and
InP (B). In (A), the gray and light blue represent silicon and silicon dioxide,
respectively. In (B), the red and orange represent InGaAsP and InP,
respectively. (C,D) SEM pictures of the InP suspended cantilever grating
coupler.
FIGURE 6 | Cross sections of the family of Si-based optical waveguides. Also shown are typical propagation losses and refractive indices.
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and TM the other [12]. The fourth is a 2D grating coupler
[13]. The fiber mode with its electric field perpendicular to the
waveguide propagation direction will couple to that waveguide.
The fiber can be either tilted and couple to two waveguides
or be normal to the surface and couple to four waveguides.
The 2D grating coupler has the added advantage of acting as a
polarization rotator, in that all the light on the chip has the same
polarization yet was two orthogonal polarizations in the fiber.
4. Si Photonic Active Elements
Asmentioned above, a photonic active element has an intentional
dynamic interaction between light andmatter. A typical photonic
active element is an optical modulator. All the Si optical
modulators today are based on the plasma free carrier effect. The
complex refractive index of the silicon changes by changing the
FIGURE 8 | Spot-size converter for silicon wire waveguides. The silicon
is inverse tapered inside a suspended glass waveguide. The silicon substrate
has been etched away under the suspended glass waveguide.
number of free electrons and holes, either by doping, electrical
means, or optical means, as shown in Equations (1, 2), obtained
by fitting to data in Soref and Bennett at 1550-nm wavelength
[14]. The holes have a larger ratio of real to imaginary index
change, i.e., more phase change for a given loss change, and
thus are usually favored for making the phase modulators in
Mach-Zehnder and ring modulators.
1nr = −8.8× 10
−22Ne − 8.5× 10
−18N0.8h (1)
ni = 1.0× 10
−22Ne + 7.4× 10
−23Nh (2)
Various Si modulator types are shown in Figure 10A. In the
carrier injection modulator, the light is in intrinsic silicon
inside a very wide p-i-n junction, and electrons and holes are
injected. Such a modulator is slow, however, typically 500-MHz
bandwidth, because it takes a long time for the free electrons
and holes to recombine after injection. Thus, such structures
are usually used as variable optical attenuators (VOAs) rather
than modulators [15, 16]. In the carrier depletion modulator,
the light is partly in a narrow p-n junction, and the depletion
width of the p-n junction is varied by an applied electric field.
Such a modulator can operate at over 50 Gb/s [17], but has
a high background insertion loss. A typical VπL is 2 V-cm.
The metal-oxide-semiconductor (MOS) (really semiconductor-
oxide-semiconductor) modulator contains a thin oxide layer in
the p-n junction [18]. It allows for some carrier accumulation
as well as carrier depletion, allowing for a smaller VπL of ∼0.2
V-cm, but with the drawbacks of higher optical loss and higher
capacitance per unit length. There are also SiGe electroabsorption
modulators [19] that rely on band-edgemovement in SiGe. There
are also graphene modulators that rely on switching the graphene
between an absorbing metal and a transparent insulator [20].
Various Si-based photodetectors are shown in Figure 10B.
The absorption material is Ge. Ge absorbs light with wavelengths
up to about 1.6 µm. Shown on the left is a p-i-n configuration
FIGURE 9 | Various polarization splitters.
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FIGURE 10 | (A) Cross sections of various silicon-based optical modulator designs and (B) photodetector designs.
FIGURE 11 | Configurations for integrating optical gain into silicon photonics. Fabrication insertion point becoming later in the process as one moves from left
to right.
[21], the most successful commercially today. It consists of p-
doped silicon on which Ge is grown. Ge and Si have a 4% lattice
mismatch, so to minimize dislocations, a thin layer of SiGe is
grown first. The top of the Ge is n doped. Shown in the middle is
a metal-semiconductor-metal (MSM) photodiode [22] and at the
right avalanche photodiodes (APDs) [23]. The APD avalanche
region is in Si, which has a lower noise than avalanche regions
in III–V materials.
There is still no clear-winning solution for integrating optical
gain with silicon photonics. Some of the various option are shown
in Figure 11, organized by assembly level. On the far left is
monolithic integration, including using epitaxially grown Ge as
an optical gain material [24], Er-doped glass waveguides, such
as Al2O3, (which require optical pumping) [25], and epitaxially
grown GaAs quantum dots [26]. The next column is wafer-
to-wafer assembly, including oxide bonding [27] and organic
bonding [28] of III–V gain regions. The next column is die-to-
wafer assembly, including inserting III–V die into cavities in the
Si wafer and then patterning the waveguides [29]. The advantages
of all the left three columns is that the full device can be tested
on the wafer level, before it is diced out. The far right column
is die-to-die assembly, including butt coupling of a Si die and a
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III–V die and coupling with a lens and a grating coupler [30].
Commercial deployment is tending to move from the right to left
of this figure.
An element that is partway between an active and passive
element is an optical isolator. Optical isolators are required to
stop back reflections from causing noise and oscillations in lasers
and optical amplifiers. An isolator requires a non-reciprocal
element [31]. In silicon photonics, two main types of isolators
have been reported: magneto-optic and modulation-based.
In magneto-optic isolators, garnets are placed on the side or
top of the waveguide [32, 33]. In a modulation-based isolator,
the optical field is modulated with either a traveling wave or
a time delay between multiple modulators [34]. Figure 12
shows a modulation-based isolator design based on a parallel
arrangement of phase modulators in series [35]. Each modulator
is driven by a sine wave. In the forward direction, the second
modulator in each arm undoes the modulation of the first
modulator; but in the backward direction, the two modulators
add constructively. Thus, there is no effect at all on the signal in
the forward direction but in the backward direction it is strongly
phase modulated. If the phase modulation amplitude is just right,
then a continuous-wave signal passing backwards is completely
attenuated at its original frequency. This gives narrow-band
isolation. By having multiple such narrow-band isolators in
parallel, driven by the same frequency but appropriate different
RF drive phases in each arm, one can achieve broadband
isolation. A two-arm version was demonstrated in silicon
photonics, achieving ∼3 dB of isolation. The modulation
was done by carrier injection in the silicon waveguide. The
isolation can be improved by reducing the residual amplitude
modulation in the phase modulators, by increasing the speed of
the modulators, and/or by increasing the number of arms in the
interferometer.
5. PIC Material System Comparison
Table 2 shows a comparison between InP and Si. InP is a much
more expensive material than Si because of the rarity of In. Si
circuits tend to have a higher yield than InP circuits because there
is much less epitaxy involved in Si circuits. In Si circuits, usually
the only epitaxy is Ge, used in the photodetectors, whereas in
InP all of the waveguides, even the passive ones, must be grown
by epitaxy. Epitaxy tends to have a higher defect density than
crystal growth from a boule. InP waveguides have high index
contrast only laterally, whereas Si waveguides have high index
contrast laterally and vertically. This allows much smaller bend
radii and other more compact structures in Si. InGaAsP has a
direct bandgap, whereas Si and Ge do not. Thus, the InP material
system has a much more efficient laser. The native oxide of the
InP system is much less robust than the native oxide of Si, which
is SiO2. Silicon is a stronger material than InP, allowing for much
larger wafers, 75 mm compared to 300mm (going to 450mm
soon). InP modulators usually depend on the quantum-confined
Stark effect, which is temperature sensitive because of the band
edge movement with temperature. Silicon modulators have very
minimal temperature dependence.
Silicon photonics is usually considered only for low-cost,
short-reach, high-volume (>1M/year) products. This is because
it is assumed that a large number of wafer starts is required
to pay for mask and development costs and that silicon
photonics has a significant performance penalty for metro and
long-haul products. However, the real situation is actually the
opposite. This is because in low-cost, short-reach, high-volume
applications, there is tremendous competition from vertical
cavity surface-emitting lasers (VCSELs) and directly modulated
lasers (DMLs), and silicon photonics’ weakness of not having
an easy way to integrate lasers is a significant disadvantage.
On the other hand, in metro and long-haul applications, it is
better to keep the laser separate anyway as it is preferable to
integrate the silicon photonics and DSP together, which is a hot
environment. Also, coherent detection can make up for many
FIGURE 12 | (A) configuration of an optical isolator that uses a tandem
arrangement of phase shifters. There are N arms in the interferometer. The
more the arms, the higher the broadband isolation. (B,C) 2-arm version built in
silicon photonics.
TABLE 2 | Pros and cons of InP and Si for photonic integrated circuits.
InP Si
Expensive material Cheap material
• In is scarce • 27% mass Earth’s crust is Si
Medium yield High yield
• W.g. material from epitaxy • W.g. material from original boule
Small footprint Extremely small footprint
• High index contrast in 1D • High index contrast in 2D
Native laser No native laser
Poor native oxide Excellent native oxide
Low dark current Medium dark current
Small wafers (75 mm typ.) Large wafers (300 mm typ.)
• 75 mm typical • 300 mm typical
• Brittle material • Strong material
Modulator temperature sensitive Modulator temperature insensitive
• Band edge moves with temperature • Carrier density not v. temp. dep.
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FIGURE 13 | Simulation results from 3D sparse FDTD. (A) is the top
view of the structure being simulated, which is a directional coupler. (B)
Shows a screen shot from a simulation using a quasi-TE launch. The top two
figures show the top views of the quasi-TE and quasi-TM signals, and the
lower two figures show the corresponding cross-section views. (C) Shows a
screen shot from a simulation using a quasi-TM launch.
FIGURE 14 | Silicon photonics 8-PSM transceiver. Courtesy of Luxtera.
FIGURE 15 | Silicon photonics 8-WDM receiver. The upper figure shows a photograph of the chip, the lower left figure shows the measured responsivities to the 8
detectors vs. wavelength, and the lower right figure shows the measured bit-error rate at 1.25 Gb/s for one of the channels using a polarization scrambler.
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of silicon photonics’ imperfections, such as the dark current
is much smaller than the local oscillator photocurrent. Also,
the argument that one needs a large number of wafer starts
to pay for mask and development costs is fallacious, because
silicon photonics is done in a very large node size compared to
FIGURE 16 | Measured PAM-2, -4, and -8 optical eye diagrams at 28
Gbaud using a silicon photonics modulator.
FIGURE 17 | 80-Gb/s dual-polarization transmitter in InP. It consists of
two electro-absorption InGaAsP modulators, a polarization splitter, and a
polarization combiner. The incoming laser has its polarization oriented at 45◦.
state-of-the-art CMOS, and thus themasks and runs are relatively
inexpensive.
6. PIC Design
PICs are usually laid out in using mathematical scripts. This
is because usually in PICs, path lengths matter, when in
interferometers or because of skew. The PIC is made by
patterning multiple layers, typically 10 to 30, on a wafer. These
layers consist of many polygon shapes, typically in a GDSII
format. Before sending the files to the photomask shop, there
is a strong desire to be able to simulate the PIC to verify the
design. There are multiple levels of simulation. The lowest level
is 3D electromagnetic (EM) simulation, in which simulation
is done at the sub-wavelength level. Interaction with atoms
in the materials is done on the macroscopic scale. Typical
methods are the 3D finite-difference time domain (3D FDTD)
[36] and eigenmode expansion (EME) methods [37]. These
methods are the most accurate but simulation times for an
entire PIC are prohibitive. The next level is 2.5D EM simulation,
such as the finite-difference beam propagation method (FD-
BPM). These methods are significantly faster, with a tradeoff
of accuracy. Also, BPMs can handle only paraxial propagation,
e.g., they cannot be used to simulate a resonator. The next
level is 2D EM simulation, such as 2D FDTD and 2D BPM.
Again, these are faster, but limited. These cannot simulate
e.g., a polarization rotator. The next level up is transmission
and/or scattering matrix simulation. Each main component is
reduced to an element with inputs and outputs, and connecting
waveguides are reduced to phase shift and attenuation elements.
These simulations are extremely fast. A transmission matrix is
FIGURE 18 | DP-DQPSK receiver in silicon photonics. Uses optical
polarization tracking. The upper figure shows a schematic, and the lower
figure a device photograph. The incoming signal is separated into two
polarizations by a 2D grating coupler, a series of couplers and phase shifters
demultiplex the two signals, which had been mixed during fiber transmission,
and two Mach-Zehnder delay interferometers demodulate the signals.
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FIGURE 19 | 7-core-fiber silicon photonics receiver. The upper right
figure shows a photograph of the fiber cross section, showing the seven
cores. The top shows the schematic for each channel in the silicon photonic
circuit shown in the bottom figure. The incoming fiber is tilted at the proper
angle to the 1D grating couplers such that TE polarization couples to the left
and TM polarization couples to the right.
FIGURE 20 | PIC for coupling to the multimodes of a ring-core fiber by
using a circular grating coupler connected to a star coupler. The upper
figure shows a schematic of the silicon photonic circuit photograph shown at
the bottom. The circuit contains a circular grating coupler connected to an
array of waveguides of equal length.
multiplied by the incoming signals to find the outgoing signals.
A scattering matrix (whose elements are called s-parameters) is
multiplied by the incoming and outgoing signals on one side of
the element to find the incoming and outgoing signals on the
other side of the element. Basically, scattering matrices include
reflections within the element. Scattering matrices are typically
twice as large in each dimension as transmission matrices.
However, relying on EM simulation of some elements and
scattering/transmission matrices to simulate the entire PIC does
not guarantee that the design is error-free before tape out. For
example, a miscalculated path length, a multimode waveguide
FIGURE 21 | First reported vector modulator. It was in GaAs.
without sufficient high-order mode rejection, or two waveguides
that pass too close to each other and have undesired coupling are
unlikely to be caught.
A technique called sparse FDTD allows one to do 3D and
2D FDTD simulation directly on the entire PIC design to verify
the design [38]. While it is unlikely any EM simulation tool
can simulate a very large PIC, sparse FDTD can simulate quite
large portions. In conventional 3D FDTD, one starts with all six
components of the EM fields in a specified quantized volume.
Time is advanced a step, and the new field components are
calculated in the volume, and so on. So many calculations every
step takes a very long time. In sparse 3D FDTD, rather than do
calculations for every point in the volume every step, a list of
field components is maintained, theoretically in an arbitrarily
large volume, is maintained and calculations are done on these.
At each time step points neighboring the field components are
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added, and field components with power below a certain level are
discarded. For certain structures this calculation can be orders of
magnitude faster than conventional 3D FDTD. However, sparse
FDTD performs poorly with dispersive structures, because then
the optical field spreads out too much, making the list too long.
Example screen shots from 3D FDTD simulation of a PBS like
that shown in Figure 9B are shown in Figure 13 [39].
7. Short Reach PICs
Short reach communications typically means less than 2 km, but
can sometimes include up to 40 km. Short reach is usually for
intra-data center, connecting racks, or client-side optics. There is
an emerging need for very short reach communications in which
boards are connected optically within a rack. Such optics are no
longer considered “transceivers” and for the sake of focus are left
out of this article.
Because of the fast growth and turn-over in data centers there
is usually insufficient time for standards to develop. This allows
for a wide diversity of solutions. These various solutions do not
interoperate, but the users do not care so much, as long as prices
are low.
Today, most of the short reach links are based on vertical-
cavity surface-emitting lasers (VCSELs) over multimode fiber,
i.e., do not involve PICs at all. VCSELs are very inexpensive and
easy to couple to multimode fiber. It is nearly impossible for PICs
to compete against VCSELs on price. However, the bandwidth-
distance product for a VCSEL over multimode fiber is ∼ 2 GHz-
km. At 25Gb/s, this limits distances to∼100m. Also, multimode
fiber (MMF) costs more than standard single-mode fiber (SSMF),
because many more km of SSMF have been produced thanMMF.
Thus, when new data centers are built, it can be advantageous
to outfit them with SSMF. Single-mode VCSELs are difficult to
make today, so this is a good opportunity for PICs. However,
VCSEL technology is constantly improving, providing a constant
challenge to PICs in short-reach applications.
A successful PIC short-reach commercial solution today is
based on parallel single-mode fibers (PSM). Figure 14 shows an
FIGURE 22 | Early reported silicon photonic vector modulators.
FIGURE 23 | 2-bit optical DAC in silicon photonics.
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8-fiber PSM solution (4 fibers out and 4 fibers in) based on
silicon photonics from Luxtera [40]. The chip contains a 1.4-
µm laser in a small hermetic assembly on top of the PIC. This
wavelength was chosen as optimum for the grating couplers that
couple the laser light into the PIC. This laser is split four ways
to four 10-Gb/s on-off-keying (OOK) distributed-driven Mach-
Zehnder-interferometer modulators (MZMs). The CMOS drive
electronics are monolithically integrated with the photonics.
Distributed driven means that the modulator is broken into N
sections in series, each with a separate driver timed appropriately.
This saves power consumption over a traveling-wave modulator,
because a traveling-wave modulator has a termination resistor
into which power must be dumped.
Another successful PIC short-reach solution is based on
wavelength-division multiplexing (WDM). Typically four
wavelengths, each modulated with OOK at 25 Gb/s, are
multiplexed in the transmitter and demultiplexed at the receiver.
The advantage over PSM is requiring only two fibers instead
of eight, and the disadvantage is requiring four lasers instead
of one. WDM makes more sense as the cost of transceivers
drops compared to the cost of fiber and installing it, especially
ribbon fibers. Figure 15 shows an 8-channel CWDM receiver in
silicon photonics [41]. It uses a silicon nitride spot-size converter
and arrayed waveguide grating (AWG), which is polarization
independent via variation of waveguide widths, silicon output
multimode waveguides, and Ge photodetectors.
Yet another solution is to use multi-level modulation, called
pulse amplitude modulation (PAM). Figure 16 shows PAM4 and
PAM8 eye diagrams at 28Gb/s generated by a silicon photonics
MZM.
One can also use polarization-division multiplexing (PDM),
also called dual-polarization (DP) transmission. In this case,
different signals are in each polarization. Figure 17 shows a
dual-polarization 80-Gb/s modulator in InP [42]. Such a design
FIGURE 24 | Early (A) InP and (B) silicon integrated coherent receivers.
FIGURE 25 | Single-chip silicon photonic coherent transceiver.
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could be readily made in silicon photonics. In the fiber, the
two signals will stay predominantly orthogonally polarized,
but the polarization will vary unpredictably with time. At the
receiver, if one does not use coherent detection, one needs to
optically demultiplex the two polarizations. Figure 18 shows
a device in silicon photonics that can optically demultiplex
polarization [43, 44]. It does this by receiving two orthogonal
polarizations from the fiber, these polarizations not necessarily
that of the signals, and then interferes the two with a
controllable phase and coupling ratio to demultiplex them. To
do this in an endless fashion, i.e., without ever needing phase-
shifter resets back to zero, one needs multiple interferometer
stages.
In the far future onemay find the data center interconnections
so crowded that one must reduce the number of fiber strands
and instead put multiple cores and/or modes in a single fiber.
Figure 19 shows a PIC for receiving from a 7-core fiber, using
polarization diversity [45]. It includes optical filters for WDM.
Figure 20 shows a PIC for receiving from a multi-mode ring-
core fiber [46]. A multi-mode ring core fiber is advantageous
because the modes can be accessed without waveguide crossings
and conveniently demultiplexed by a star coupler.
8. Metro and Long-reach PICs
Unlike short-reach links, which we saw have many choices of
transmission type, metro and long-reach links demand intradyne
coherent transmission. This is because long fiber routes are
expensive to install/obtain, and thus the user wants to push
as much information over each fiber as possible. Coherent
receivers make it possible to receiveWDM, PDM, and high-order
constellations with high-performance, because the complete
optical field is received and acted on by a DSP. In intradyne
coherent communications, the transmitted signal comes from
a dual-polarization vector modulator, and the received signal
is interfered with a continuous-wave (CW) laser signal whose
frequency is close to the carrier of the signal (within∼2–3 GHz),
but does not need to be exact.
The first reported vector modulator was a GaAs PIC,
shown in Figure 21 [47]. It consists of two MZMs in a larger
interferometer. Figure 22 show some early vector modulators
in silicon photonics. The modulator in Figure 22A contains
two vector modulators, one for each polarization, along with
the polarization splitting optics [48]. The single-polarization
modulator in Figure 22B uses a thin-oxide layer in the p-n
junction to obtain a low VπL product and is driven directly
by CMOS inverters [49]. By using multiple segments in the
modulator, one can create an optical digital-to-analog converter
(DAC). The segment lengths are in a geometric sequence.
Figure 23 shows a demonstration that achieved 16-QAM
modulation at 13 Gbaud using a silicon photonic optical DAC
[50].
The first reported coherent receivers were in InP, as
shown in Figure 24A [51–55]. Figure 24B shows an early
FIGURE 26 | (A) Measurement setup, (B) measured 30-Gbaud eye diagram for DP-QPSK, (C) real-time-processed constellations at 120 Gb/s, and (D–F) bit-error
rate vs. OSNR for various cases for the silicon photonics single-chip coherent transceiver in an optical loop back configuration.
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FIGURE 27 | 100-Gb/s coherent CFP module using silicon photonics.
dual-polarization, dual-quadrature receiver in silicon photonics
[56]. It uses a 2-D grating coupler as a fiber coupler, polarization
splitter, and polarization rotator.
Figure 25 shows a recent silicon photonic PIC that contains
the full vector modulator and full coherent receiver on a single
chip [4]. This is lower cost and smaller footprint than separate
transmitter and receiver chips. There are three fibers connected
to the module: laser input, which is split between transmitter and
receiver; transmitter output; and receiver input. The fibers are
connected in a 3-fiber array, reducing cost and assembly time. It
is co-packaged in a hermetic gold box with four drivers and four
transimpedance amplifiers. It does not require any temperature
control, allowing the total power consumption to be less than
5 W, −5 to 80◦C. A silicon photonics modulator does have
some imperfections compared to Pockels-effect modulators, like
GaAs and LiNbO3. It has residual amplitude modulation, diode
nonlinearity, capacitance change with voltage, and bandwidth
limitations. A simulation including these effects shows that the
imperfection performance penalty is only 0.1 dB compared to an
ideal modulator.
Each PIC was tested in a socket in an optical loop-back
configuration using a 100-Gb/s DSP for real-time measurements,
as shown in Figure 26A. Optical loop-back insures that any
potential crosstalk between the transmitter and receiver would
show up as degradation. Figure 26B shows a measured 30-
Gbaud DP-QPSK eye diagram. There are five levels in such
a signal. Figure 26C shows measured real-time-processed 120-
Gb/s DP-QPSK constellations. Measured BER vs. OSNR curves
at multiple wavelengths across the C-band are shown in
Figure 26D shown for comparison is the performance of discrete
optics. The performance of the silicon PIC is nearly the same
as the discrete optics. Figure 26E shows the performance at
various temperatures, showing that the silicon photonics can
indeed work without temperature control. Figure 26F shows the
performance up to 3000 km without significant penalty. This
shows that the chirp of the silicon photonics modulator is low.
Figure 27 shows this PIC in a 100-Gb/s CFP module. As one
can see, the module is tightly packed and would be very difficult
to make with discrete optics.
This single-chip coherent transceiver contains all the optics
needed for a coherent transmitter except the tunable laser. As
mentioned earlier, it is probably better to keep the laser separate
anyways because this chip can be co-packaged with the DSP,
which runs very hot.
9. Conclusion
The touted advantage of silicon photonics is the die are lower
cost than any other solution. While this may be true, it is
of limited help in short-reach applications, where the lack
of an integrated laser puts silicon photonics at a significant
disadvantage compared to the incumbents, such as VCSELs and
DMLs. Instead, the less-touted advantages of silicon photonics:
high yield, low modulator temperature sensitivity, high chip
strength, and ability to do polarization handling; make it ideal
for metro and long-haul applications. Spending its adolescence
in metro and long-haul, silicon photonics will have time to
develop mature laser integration methods, more routine foundry
services, and sophisticated packaging solutions so it can later
take on the short-reach incumbents. By that time, coherent
transmission may be cost- and power-effective enough to work
in very short links, bringing its advantages of high sensitivity,
high spectral efficiency, high-order modulation, and wavelength
selection.
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